One of the leading advanced reactor concepts is the fluoride salt high temperature reactor (FHR) currently under investigation. This design utilizes a fluoride molten salt, flibe (2 LiF/BeF2), as the primary coolant. One challenge of employing flibe as a coolant is the production and release of tritium. The FHR community is currently investigating various techniques to solve this tritium management challenge. One of the methods investigated is inert gas sparging which has been investigated during the Molten Salt Reactor Experiment (MSRE) in the 1960's and 1970's. To enhance the efficiency of this technique, high power ultrasonics can be employed to sonomechanically enhance the mass transfer performance. Initial experimental studies coupling ultrasonics and inert gas sparging have been performed in the scaled ultrasonic mass transfer (SUMATRA) experiment. The scaling was done by matching the Sc between a water/glycerol mixture and flibe at FHR temperatures. The SUMATRA experiment evaluated the performance of inert gas sparging with and without ultrasonic enhancement. The results show a significant performance enhancement due to the sonomechanical effect which is contributed to an increase in the diffusive mass transfer contribution due to bubble breakup and the subsequent increase interfacial area. 
Introduction
The use of liquid fluoride salts has an extensive history of consideration for use as a working fluid in high temperature nuclear applications such as inertial confinement fusion reactor and molten salt reactor (MSR) [1, 2, 3] , in-5 cluding the fluoride salt high temperature reactor (FHR). Such FHRs differ from fluid-fueled MSRs in that they employ a solid fuel form [4] . Of all the possible candidate salts, a eutectic mixture of lithium fluoride and beryllium fluoride, flibe, was chosen for the Molten Salt Reactor Ex-periment (MSRE) and subsequently the FHR for its relatively high thermal conductivity and favorable neutronic performance [5] . However, when in a neutron flux, flibe is a significant source of tritium through the reaction pathways given in equations (1-3) 
In the Mark 1 Pebble-Bed Fluoride-Salt-Cooled HighTemperature Reactor (PB-FHR) design, reported by the University of California, Berkeley in 2014 [4] , this mechanism is projected to result in a tritium production rate of 2508 Ci/day for a 236 M W th core, which is much larger 20 than that seen for a current commercial pressurized water reactor (PWR) (1.99 Ci/day) [6, 7] . A crucial engineering challenge of the technology is to address tritium release mitigation. Key tritium escape regions and strategic tritium removal points can be identified for the Mark 1 PB-
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FHR as shown in Figure 1 . Various strategies that have been or are currently being investigated include graphite adsorption, mass permeators, barrier coatings, and inert gas sparging [8, 9, 10] . Each proposed strategy has its own advantages and disadvantages. The use of inert gas 30 sparging has the unique potential to not only remove, but also, sequester tritium through a process stream. The process efficiency is not as high as would be liked and options that can enhance the process are being sought, and one such approach is to use high power ultrasonics [11] . 35 High powered ultrasonics (in the cavitation regime) have been used and investigated for its enhancement for both degassing of metal melts [12, 13] and mass transfer properties in chemical reactors [14, 15, 16, 17, 18, 19, 20] . It would appear that there is potential for the use of high 40 power ultrasonics to enhance the sparging mass transfer and tritium removal [11] . Although there are a diverse range of engineering challenges in implementing this technique for tritium removal, there would appear to be potential opportunities for the incorporation of high power 45 ultrasonics for tritium removal in the FHR [11, 21] . This paper reports an exploratory reduced-scale investigation of sonomechanical enhancement of inert gas sparging, which is demonstrated over a range of Schmidt numbers (Sc), the ratio of of momentum vs molecular diffusiv- 50 ity, that will encompass the planned operating temperature of the proposed the FHR facility. Visual and system and material process parameters for the dissolved oxygen (DO) measurements are used to investigate and quantify the mechanism of sparging enhancement could be deter-55 mined. A working model was developed and is presented.
Theory
The governing phenomena utilized for this application is two-phase mass transfer, between the host sparging gas bubble and soluble tritium in liquid phase and changes in 60 the behavior due to the imposition of an acoustic field, at some specific intensity and operating parameters (temperature and pressure). Analysis of the combination of these two fundamental topics is essential in understanding and quantification of the effectiveness of the specific phe-nomenology of the proposed potential sonomechanically enhanced mass transfer mechanism. In order to conveniently investigate phenomena at the FHR conditions, a scaled experiment is required.
Scaling Approach
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The scaling in the current study is rested on the demonstration of appropriate relationships in matching properties in the glycerol/water and flibe includes matching Sc, which is the ratio of the convective and diffusive forces on mass transfer, through the fluid properties, namely den-75 sity ρ, dynamic viscosity µ, and diffusivity D. The very basis of reduced-scaled experiment is establishing physical similitude between the model and the prototype through preserving geometric, kinematic, and dynamic similarity. This means that the general shape, flow profiles, and ratio 80 of forces, respectively, must be similar. This can be established by matching key non-dimensional numbers [22, 23] including Re number, which is the ratio between the kinetic and inertial force for a given flow condition. In the case for mass transfer, other key non dimensional numbers 85 would be used, namely Sc and the Weber number (W e), which is the ratio of a fluids inertia to surface tension. These relationships are shown in equations (4), (5), and (6) , where the subscript m refers to the scaled experiment and subscript p refers to the FHR conditions.
The key to the use of glycerol/water with O 2 mass transfer to scale with flibe and H 2 /T 2 mass transfer is matching the Sc through the fluid properties, namely density, dynamic viscosity, and diffusivity. The values for Sc the water/glycerol to oxygen system have been evaluated 95 and tabulated by Kress [10] . To compare parameters, Sc for the water/glycerol mixture was calculated using values from the literature [24] , and Sc for the flibe/H 2 /T 2 system was calculated with correlations from more recently reported data [25, 26] . This comparison is shown in Fig-100 ure 2, although it should be noted that for flibe, the higher temperature corresponds to a lower glycerol concentration. These data show good agreement in Sc through the temperature range of interest for the FHR (600
• C to 700 • C). This corresponds to a glycerol weight percent range of ap-105 proximately 17% to 31%. Using these properties, a length and velocity scaling ratio can be derived using the equations (7) and (8) . 
Mass Transfer Coefficient
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Two-phase mass transfer coefficients can be obtained from stagnant film theory as shown in equation (9) . This assumes a stagnant liquid and vapor boundary layer [27] as illustrated in Figure 3 .
The film theory was upgraded by Higbie with a pene-115 tration model [28] . The basis of this model is the phenomena of the penetration of well mixed bulk fluid through the stagnant boundary layer. This is described by equation (10) where the t e is some exposure time in the boundary layer for the penetrating volume and illustrated in 4.
The next adaptation to the theoretical mass transfer model used is the surface renewal model proposed by Danckwerts [29] . It is described in equation (11), where S is some renewal frequency for the contacting fluid illustrated in Figure 5 . shown in equation (13) .
Turbulence Interaction
Calculating mass transfer coefficients using turbulence interaction models is achieved through correlations between key non-dimensional numbers [30, 31, 32] . In line 135 helium bubble sparging was investigated in the MSRE program for the removal of fission product gases and tritium [33] . It is shown by Kress [10] , that the Sherwood number (Sh), the ratio of convective mass transfer over diffusive mass transfer, is a function of the Reynolds number 140 (Re), Sc, and bubble diameter to duct diameter ratio as described in equation (14). 35, 36, 37, 38] . This acoustic energy is manifested as vibrations and mechanical motion (acoustic streaming), heat (through rapid bubble compression and absorption), and light emission (sonoluminescence) that occurs through cavitation.
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Ultrasonic cavitation is generated during sonication due to the cyclic pressures that are induced which cause the fluid to "shear". This phenomenon has been investigated and documented extensively [36, 37, 38, 39] . The threshold for cavitation is a fundamental boundary that 160 can be affected by many factors. The most important factors are the static pressure and temperature (as it affects the phase properties), the presence of dissolved gas and/or particulate matter, fluid viscosity, the frequency of the applied ultrasound, and the wave induced pressure 165 cyclic variation [39] . When the applied ultrasonic fields are considered, the intensity at which cavitation occurs is dependent on the frequency, and at higher frequencies it takes higher plane wave intensities to induce cavitation [20, 39, 40] , as shown in Figure 6 .
170
The nature of cavitation can be considered in two categories, stable and transient cavitation. In stable cavitation, a bubble will oscillate with the sound field for several cycles or more. During this time, the bubble may grow due to rectified diffusion. Rectified diffusion is the growth 175 of a gas bubble driven into oscillation by such an acoustic field [41] . Under cavitation ultrasoinc conditions, mass transfer has been shown to be in one direction from the liquid to the gas bubble [42] . Once the bubble reaches a critical radius, it will collapse. A larger bubble generally 180 exhibits stable cavitation because it has a lower resonance frequency. In transient cavitation, an oscillating bubble can collapse in one or at most only a few acoustic cycles. These two phenomena are illustrated in Figure 7 in relation to the effects of compression and rarefaction of an oscil-185 lating acoustic wave. This degassing behavior has been investigated liquids, such as aluminum melts, and liquids in chemical reactors [42, 43] 
Experimental Setup
The SUMATRA experiment is a proof of concept 190 reduced-scale experiment to demonstrate the viability of sonomechanically enhanced sparging mass transfer by ultrasonics. This concept was evaluated by comparing the time necessary to strip dissolve oxygen (DO) from a volume of water/glycerol mixture with and without applica-195 tion of ultrasonics. The system is a small bench top loop that has the capability to pump fluid, inject air/inert gas, and remove bubbles. The high intensity SUMATRA experiment and test section is shown in Figures 8, 9 , and 10. 
Equipment
The ultrasonic horn and amplifier used was a Sonics and Materials VCX-750, which has a nominal operating frequency of 20 kHz. It was equipped with a to be able to produce the smallest bubbles consistenty. A high speed camera used to take the visual data, and this was a Fastec IL13043001 model IL3100SM4.
Experimental Procedure
The experimental procedure consisted of saturating the 215 fluid with oxygen and subsequently stripping the DO to achieve a predetermined concentration. This process was performed both with and without ultrasonics (US) applied. The DO and temperature data was measured using the built-in logging feature in the DO meter. The data was No US With US Figure 11 : Results of the low intensity testing.
During the ultrasonic runs, care was taken to minimize the potential contribution of the temperature rise to degasification due to the input of acoustic energy. This was achieved by determining the equilibrium temperature 235 for the ultrasonic runs and then performing control runs at the same temperature. The equilibrium temperatures were observed to be in the range 8
• C to 12
• C. This equilibrium temperature was then used as the starting temperature for the ultrasonic runs to minimize the effects of temperature 240 variations.
Visual data was taken using the high speed camera during both control and ultrasonic runs. Unfortunately, the camera was limited in frame rate and was unable to resolve the bubble vibrations at 20 kHz. In spite of this limita-245 tion the high speed videos were able to be used for bubble counting, bubble size measurement, and to visualize bulk ultrasonic effects.
Results
Data for low ultrasonic intensity was only recorded
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for water. The intensity from the large horn was estimated at 0.085 W/cm 2 . A pre-determined matrix of runs was performed in order to determine the optimal volumetric flow rate. The volumetric flow rate that yielded the best results, in terms of time reduction, was 4.73 LP M
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(1.25 GP M ). The test section fluid velocity and residence time was 4.31 cm/s (1.71 in/s) and 1.66 s, respectively. These results are shown in Figure 11 . It was noted that the sparging bubbles were unable to enter the near field of the horn. Because of this, the ultrasonics was pulsed 260 in order to capture some bubbles in the near field. These results are the average of 9 runs, and only demonstrate a marginal increase in performance of an approximately 20% reduction in degassing time.
In contrast to the low intensity test, the performance were able to enter the near field of a high intensity acoustic fields. This allowed bubbles to be captured in the near field and the ultrasonics to run continuously. The acoustic 270 intensity was estimated to be 275 W/cm 2 and was well within the cavitation regime. The flow rate that yielded the best performance was experimentally determined to be 15.14 LP M (4 GP M ). The test section fluid velocity and residence time was 4.16 cm/s (10.58 in/s) and 1.09 s,
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respectively. The DO results show a consistent improvement over the range of glycerol concentrations. The DO results are shown in Figure 12 . From these data k L a can be obtained by using equation (13) , and these data are shown in relation to glycerol concentration in Figure 13 .
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The mass transfer coefficient (k L ) was the next property investigated. In order to link k L a with k L , the interfacial area (a) must be determined [45] . Classically, interfacial area is found by using equation (15) area cannot be directly measured visually. An attempt to measure bubble diameters directly was performed by using a combination of image processing software (Affinity Photo) and imageJ [46] . The analysis of the visual data concluded that the resolution on the high speed camera 290 was not sharp enough to give the bubble sizes accurately. The limit of the experimental resolution was on the order of 100 µm/pixel. Another way of inferring interfacial area was found in the work by Kress [10] where the interfacial area can be determined through the holdup ( ) 295 and the bubble number density (N ) as shown in equation (16) . Although the direct measurement of bubble diameter was impractical, the bubbles were still able to be counted visually, making use of this relationship a viable method to determine interfacial area given the limitations of the 300 laboratory equipment. The results of direct diameter measurement and the diameter inference analysis are included in the results of interfacial areas. The average bubble diameters can also be determined by the relationship given in equation (17) . These data are also included for refer-305 ence. For the sonomechanically enhanced runs, equation (15) can be used to determine interfacial area under the assumption that the resonance radius is the average bubble diameter. In this case, the resonance radius [36, 47] is calculated using equation (18) . The interfacial areas can 310 be compared and these data are given in Figure 15 . This shows that the measured ultrasonic interfacial area and the expected interfacial area are close. The Sherwood number is the ratio of convective versus diffusive mass transfer, and specific to this applica-315 tion, Sh is shown in equation (19). The calculated Sh from the data is shown in relation to glycerol concentration and Re in Figures 18 and 19 . The results suggest that the lower the Sh, the better the performance. This was counter intuitive because the introduction of ultrason-320 ics was expected to increase the convective mass transfer component. In work by Kress [10] , the Sh number correlation for sparging concurrent to flow is in the form of equation (20), and the constants and exponents were empirically found to be (14). The experimentally determined
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Sh numbers are shown and compared with to the established correlation reported in the literature and the data are given in Figs 16 and 17 . This shows a closeness in the form of the relationship and it would appear that the correlation can be scaled to match the SUMATRA exper-330 imental conditions. The first attempt to fit the correlation was to perform a least squares optimization using the leading coefficient (C) and Re exponent (x) as variables in equation (21) . In an attempt to predict the Sh for ultra- 
Discussion
The experimental results confirmed the initial hypoth-340 esis, that ultrasonic energy has potential to enhance tritium removal, and showed that there is a mass transfer enhancement due to ultrasonics. This is seen by the data for time reduction between the ultrasonic and control runs ing the mechanism of this enhancement, the Sh number comparisons indicated that diffusive forces dominated the mass transfer mechanism because better performance correlated with a lower value for Sh. The predicted Sh value given from equation (14) matched the shape of the ex-350 perimentally measured Sh data. This demonstrates that the correlation given with the relationship in equation (14) captures the effects of the mass transfer mechanism reasonably well. As expected, the differences in performance can be attributed to the differences in experimental variances 355 between SUMATRA and the experimental conditions reported in Ref [10] .
Using the same Sh correlation form, a new correlation was developed based on an empirical fit. With this correlation, equation (21), a first prediction of the ultrasonic
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Sh relationship was made. This predicted a lower Sh than that which was experimentally determined. This indicates, as expected, that the current model does not completely account for the effects of the addition of the ultrasonics on the mass transfer mechanism. Also, the experimental con- and 50 wt%) were in a transition flow regime between turbulent and laminar. Although being in a transition Re regime is not optimal for using a correlation to predict a Sh, although this was by design. By keeping the volumet-370 ric flow rate as low as possible, this would also minimize the effect of turbulence on mass transfer and accentuate the contribution of the sonomechanical enhancement.
It was expected that the ultrasonic Sh would be larger, indicating an increase in the convective component of mass 375 transfer. However, according to k L results, it suggests that the diffusive forces dominate Sh, but to a lesser extent in the control runs. The major factor in lowering the ultrasonic Sh is the size of the sparging bubbles. They were more uniformly smaller when compared to those in the 380 control runs. This would drive the value of the k L down because the interfacial area was much larger during the ultrasonic runs. This mechanism would suggest that the sparging bubbles were broken up into many smaller bubbles which would be expected to become saturated more 385 quickly.
The equipment deficiencies that were identified with 8 this work were mostly those due to the photography frame rate limits and the effectiveness of bubble removal. In order to capture good quality visual footage for analysis, more uniformly intense and diffuse lighting, higher optical magnification, and a higher frame rate camera are necessary. The recorded optical images were limited to approximately 500 f ps, which is lower than that necessary to resolve ultrasonic movement at 20 kHz. The bubble 395 removal at high glycerol concentrations was not complete because bubbles tended to be smaller and more difficult to remove than had been expected. The cyclone separator used was found to allow for some bubbles to get through. This issue will be addressed in future experiments by using 400 different and more reliable bubble separation technique.
Conclusions
This experiment did show the proof of concept for sonomechanically enhanced sparging mass transfer through a range of Sc numbers that encompass the oper-405 ational temperatures of the FHR. In the FHR community this work shows that ultrasonically enhanced sparging is a possible solution in terms of meeting the needs for more effective tritium removal and sequestration.
This study has identified several major challenges that 410 need to be addressed before any implementation on a larger scale or with tritium. These include how to effectively impart acoustic energy of an appropriate intensity into the process stream without introducing wear and erosion products into the reactor flibe. Another challenge is 415 to find a piezoelectric material in the ultrasonic transducers that can survive a radiation field and high temperature environment. There is ongoing work by other groups that may potentially be leveraged to address the transducer requirements in a radiation environment. [48, 49, 50, 51, 52] .
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To move the investigation forward a next step would be to address theoretical model development, noting that the current experiment did not address frequency effects. The mechanism of sonomechanical enhancement is something that is difficult to quantify and ultimately isolate effects 425 experimentally. The presence of ultrasonics introduces a highly non-linear and chaotic aspect into a normally linear mass transfer mechanism. Future effort will be focused on augmenting the current bubble mass transfer models by accounting for the physics of the ultrasonics on mass trans-430 fer from a more fundamental level. In conjunction with the theoretical development, fundamental experiments should be performed to investigate, validate, and inform the theoretical efforts. Specifically for this work, the next step would be to scale up the bench-top experiment into a more 435 prototypical design for an ultrasonic flow cell incorporating the lessons learned from this study. 
